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Progress Summary

Our work in the first year of this contract has concentrated on the

recording and analysis of B-*X spectra for the single isotopic HgX species,
200Hg 35Cl, 200Hg 79Br, 200Hg 1271, and 200Hg 1291. In addition we have measured

sae etue fr200 37 200 81 200
some features for Hg Cl and Hg Br using sources containing Hg and

natural Cl or Br The preliminary vibrational analyses have been completed,
2 2-

and rotational analysis is currently underway for HgCl and HgBr. A report of the
1

work on HgBr has been published (Appendix 1), and a manuscript discussing the

HgCl and HgI work has been submitted (Appendix 2). 2

In conjunction with the vibrational analyses for all three HgX molcules, we

have calculated Franck-Condon factors in trial-and-error fashion to determine the

relative configuration of the B and X potential curves. For HgCl and HgBr our
3

FCFs are considerably different from those published by Cheung and Cool. In

both cases the Franck-Condon distributions are shifted up in v" by 2-3 units.

These results are based on detailed comparisons of calculated FCFs and the

observed intensity patterns for individual v' levels. The differences with

results in Ref. 3 are due at least partly to differences in the X-state potential

curves, as a consequence of our reanalysis. In particular, our constants

extrapolate to values of the dissociation energy which are much lower than

estimated by Wilcomb and Bernstein4 for all three molecules. Our preliminary

FCFs for HgBr and HgCl are presented in Appendix 3. Although these values must

be approximately correct, the reader is cautioned that the numbers will change as

the analysis is extended and completed.

We have so far obtained only preliminary results from our rotational

analyses of HgCl and HgBr. These results indicate that R ' 3.00 A in HgCl and• e

3.056 A in HgBr. Both values are only slightly larger than the theoretical

estimates of Wadt. 5 To date we have been able to analyze selected bands using a

simple two-branch (P and R) model. However it is clear that four branches must

occur (possibly overlapped), and three or four branches can be discerned in

certain regions of the spectra. Thus the role of spin splitting in these systems

is not yet clear.

For all three HgX molecules some of the previously reported laser "lines"

can clearly be associated with prominent heads in the emission spectra. However

most cannot, and it appears that lasing may be occurring on a near-contimum of

overlapped rovibronic transitions in the several isotopic molecules of

significance.
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Future Work

We expect to complete the bulk of our work on the analyses for all three RgX

molecules within three months. The results are intended to be published as three

papers in the Journal of Molecular Spectroscopy. While we are completing this
work, we will begin studies of the low-resolution overall intensity distributions

as a function of pressure and temperature, in order to extract experimental
estimates of the R-dependence of the B-X transition strength functions. At the

same time we are beginning work on the pressure broadening of individual

rotational lines in the HgC1 and HgBr spectra, using the very high resolution
capabilities of a Fabry-Perot interferometer. At a later date (-January, 1983)
we expect to begin examining the transient BE-X absorption from low v" levels to

high v', using methods of kinetic spectroscopy in conjunction with either flash.4
photolysis or our Tesla discharge as a source of ground-state gX molecules.

The question of the specific assignment of the lasing transitions is not yet

a closed issue, in my opinion. I am not convinced that existing measurements of

the laser "lines" are precise enough for such specific assignment. While it may
be true that lasing occurs on a quasi-continuum of overlapped lines, as I have

suggested above, it should still be possible to identify precisely which
overlapped transitions are involved. To this end very high resolution, precisely

calibrated photographic spectra of the laser emissions are needed. We do not

presently have the capability of performing the requisite experiments in my

laboratory, but hope to be able to do so in the not too distant future.
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1981, and Sue A. Davies worked during the Spring, 1982 term in fulfillment of the

laboratory requirement of her advanced general chemistry course. Finally, my
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Appendix 1

The B-.X transition in 'OHg 7 1Br
Joel Tlinghuisen and J. Gall Ashmore
Department of Chemist, Vanderbilt Univerity, Nashvilk Tennessee 37235

* (Received 22 January 1982; accepted for publication 26 February 1982)

The B--.X spectrum of HgBr is photographed and analyzed for the single isotopic species
2. Hg "Br. The analysis confirms Wieland's earlier analysis [Z. Elektrochem. 64, 761 (1960)] up
to v-23 but is different for higher v' levels, leading to a lower estimate of the ground-state
dissociation energy, .9 = 5500 cm - . Franck-Condon calculations indicate that R -R
= 0.57 A, which is somewhat greater than concluded in earlier work. The previously reported
HgBr laser lines appear not to coincide with specific band heads in the spectrum; instead they
probably involve a semicontinuous overlap of rotational lines in several v'-v" bands of the 12
isotopic HgBr molecules of significance in "natural" HgBr.

PACS numbers: 33.20.K, 33. l0.Gx, 33.70. - w, 42.55.Hq

Although the mercury halide lasers are a subject ofcon- bromide was then prepared by admitting "r 2 (98.6%, Oak
siderable current interest, surprisingly little spectroscopic Ridge, prepared from Na 'Br as described in Ref 8) or na-
work has been done on the lasing B--.X transitions in the tural Br2 in excess and heating gently. The emission was
HgX molecules. The primary source of information on these excited with a tesla coil,' with the discharge tube heated to
systems is a series of papers published by Wieland over 20 - 135 "C to maintain a sufficient vapor pressure (- I Torr)
years ago. -- Most of Wieland's work involved emission of HgBr2.Spectra were photographed on a 1.5-m JY spec-
sources prepared from "natural" HgX 2, so his spectra in- trometer, using a 3600-groove/mm holographic grating (re-
cluded contributions from the large number of isotopic HgX ciprocal dispersion -I A/mm) and a 1200-groove/mm re-
molecules occurring in natural abundance. Similarly, most plica grating (- 5 A/mm). Although rotational structure
of the laser developmental research has utilized natural was clearly resolved with the former grating, the latter was
HgX 2. In the latter work a number of problems ofa spectros- actually better for discerning the band heads, which were
copic nature have arisen, including the question of the specif- measured with an estimated precision of 0.4 cm-'.
ic identification of the lasing transitions." To help resolve Our interpretation of the spectrum agrees with Wie-
these issues, we have begun a reanalysis of the HgX B-X land's 3 except at the long-wavelength end, where our assign-
transitions, using single-isotope emission sources. In this let- ments of bands having v" >2 3 differ from his. Below v' = 23
ter we present preliminary results of our vibrational analysis our measurements lie consistently 2-4 cm- 'below Wie-
for 2'°HS "Br. land's, which is consistent with the small isotope shift for

Emission spectra were photographed using equipment OHgBr vs =HgBr. (Since =sHg is the most abundant Hg
and procedures similar to those employed previously in this isotope and since for most of the assigned bands the blue-
laboratory in the study of halogen and rare-gas halide emis- most feature is associated with the heaviest HgBr isoto-
sion spectra.S' The sources consisted of 3-mm o.d. pyrex pomer, Wieland's measurements can, to a good approxima-
tubes about 10 cm long, which were charged initially with tion, be attributed to M2H "Br and mHg 511r.) Above
Hg "Br2 (or "HgBr 2 from natural Br2) and -200 Torr v" = 23 our assigments deviate to the blue of Wieland's,

Ar, then sealed off with a torch. The 2eHg (95.7% isotopic with the disparity amounting to 20 cm- I at v = 28 and 70
purity, Oak Ridge) was obtained in the form of HgO, which cm- 'at v" = 33. In the region where thes bands occur, the
was decomposed in situ by heating under vacuum. The di- spectrum is quite congested; however, the progressions are

067 APPI. Phys. Left. 40(10), 15 May 1952 000 6461/2/10067-0301..0 * 1962 AniWcan kwtft ofPhy" 467



,easy to follow up to 0 = 31 in our single-isotope spectrum, TABHLE 1. Spect, uscopic paramters cm 'Ifor the Band Xstatesof 7

so we arc confident of our assignments. 'Hg "Br, valid fov L' 0-10, v" = 11-34.'

As a consequence of our reassignment of the high v 8(2y
bands, the dissociation energy of the ground state appears to
be considerably smaller than Wieland's estimate of 5740 0 23484.97
cm- and Wilcomb and Bernstein's 9 value of 6000 cm-'. c., (N.) 15.249 135.887
The latter authors used long-range theory to extrapolate to cd ( - W.x.) - 1.0359 - 0.2527

dissociation. For our highest assigned level (v' = 34) the ab- C.3 - 1.5 10-3
C.0 - 2.4809 x 10-4

solute slope in Lhe appropriate plot (see Fig. 2 in Ref. 9) is 9o 5500 39100'
greater than the calculated limiting slope, which renders the C,, (B.) 0.04345 0.02928

extrapolation to dissociation uncertain. However, it appears c, (-a,) - 3.27410-' -7.3 10- '
C1 5.973 x 10-'

unlikely that 9, can be greater than 5500 cm- and is more CA - 2.351 x 10-'
likely - 5400cm -. We are attempting to extend the assign- R (A) 2.62 3.19
ments to higher V to refine this determination.

To date our assignments span V' levels 0- 10 and v" lev- 'All rotational constants are based on assumptions about potentials; see
text.els 1-34, and include 56 bands for 2eHg Br and 16 for 'Assuming dissociation to Hg S) + Br- V'S). The lowest HO + Br aw

2'0Hg "t Br (measured in the spectrum of the iO°HgBr2 ymptote lies 19400 cm-' lower.
source). All assigned bands were least-squares fitted to the
standard double polynomial expression'

Soccur in the v' = 0 progression.) However, the remaining
-, =vT j  , (1) 0.06 A is significant, and it serves to shift the Franck-Con-

don pattern of Table 10 in Ref. 10 up by 3 quanta in v'. (For
where example, the observed Franck-Condon "gap" for v' = I in

, = p(v, + 1/2), x' =p(v' + 1/2), (2) our spectrum occurs near v' = 20-21 instead of v' = 17-18
as indicated in Table 10 of Ref. 10.) We hope to refine the A

and p is the isotopic factor (W1.0000 for 200Hg 79Br, - curve shape and pin down the absolute R, values through a
0.991108 for 2"Hg OBr). When the v' numbering was al- rotational analysis. The Franck--Condon factors will be pub-
tered by ± 1 from that given by Wieland, there were clear lished when the full analysis is completed. "
systematic deviations and a significant increase in the vari- For the X potential used in the FCF calculations, we
ance, from which we conclude that this numbering is cor- have calculated rotational constants and fitted them to the
rect. We obtained minimum variance with two upper and standard expression,
four lower-state vibrational parameters, given in Table I. e,
These parameters represent the assigned bands with a stan- B, =p2 (3)
dard deviation of0.46 cm - and a maximum deviation of 1.2
cm'. Although the constants will change somewhat as we where p and x are as defined previously. The resulting con-
extend the assignments to lower and higher v', we expect stants are included in Table I, together with the Morse B,
them to remain valid to - 0.5 cm - in the calculation of the and a, values for the Bstate. We emphasize that these values
red-degraded band heads for the ' and v" ranges spanned by can only be taken as a rough approximation of the true val-
our data. ues, as they are grounded entirely on our assumptions about

Our vibrational analysis is corroborated by trial-and- the X curve and our FCF calculations; consequently they
error Franck-Condon calculations, in which we adjust the will certainly change when the rotational analysis is com-
internuclear separation of the B and X states to match the pleted. However, several points are worth noting: (II The
calculated FCF's with the observed intensity patterns in the two-parameter expression for B " assumed in Ref. 10 is ina-
individual v progressions. In these calculations we have dequate to represent the B " values for levels as high as
adopted Cheung and Cool's'0 estimate of 2.62 A for the in- u' - 20. (2) OurB " values are lower than those in Table 3 of
ternuclear distance of the ground state and have represented Ref 10 by 4% at v =20 and 9% at v - 30.(3) The constants
the X potential as a Morse-RKR curve, i.e., a Morse repul- predict that all low v' bands will be simple red degraded (i.e.,
sive curve (determined from our estimated S. and wi, val- B , > B . up to V'c_33; for larger v, spikes and violet-de-
ues) and an attractive branch obtained by adding the RKR graded bands should occur, as they do in other emission
turning point differences," A + (v) - A - (v), to the repulsive spectra of this type. ' The last result is in fact borne out in
branch at the appropriate energies. The B state was approxi- the observed spectra.
mated as a Morse curve. Good agreement with the observed Lasing has been reported near 5018 and 4996 A by
intensity distributions was obtained for R = 3.19 A, which Parks, and in two three-peak groups near 5020 and 500 A
we estimate to be reliable within 0.01 A, for our assumed by Schimitschek and coworkers. ' " s The latter group has
lower curue shape and location. This value is 0.09 A larger obtained more precise measurements of these six peaks," 6
than obtained by Cheung and Cool. 'o About 0.03 A of this which are compared with calculated band heads in this spec-
difference is due to a difference in the skewedness of the two tral region for all 12 HgBr isotopomers in Table I!. While
Xcurves. (Our attractive branch lies about 0.03 A to large R there are a few coincidences, the bands involved are not par.
from that of Ref. 10 near v = 20-2 1, where peak intensities ticularly strong, so it appears that lauing does not occur pref.

a" AP Phys. Let, Vol. 40, No. t0. t5 May 1982 J. T.Illnghutsen and J. 0. Ashmwo SM



TABLE 11. Calculated wave numbers (cm- ') of HgBr B-X band heads near measured laser lines at 19817.3, 19833.0, 19844.0, 19896.1. 19906.0 and
19916.4cm-I.b

Species Abundance 2Band (v'-v')
(%) p 0-23 5-29 1-24 2-25 3-26 4-27 0-22 1-23 2-24

198.79 5.1 1.001429 19792.2 19796.4 19805.6 19822.5 19843.2 19867.8 19918.4 19927.8 19940.6
199. 79 8.5 1.000711 794.3 797.9 807.5 824.4 845.0 869.4 920.4 929.7 942.5

200,79 11.7 1.0000 796.3 799.4 809.5 826.2 846.7 871.1 922.4 931.7 944.4
201,79 6.7 0.999294 798.3 80.9 811.4 828.1 348.5 872.8 924.4 933.6 946.2
202,79 15.1 0.998596 800.3 802.4 813.3 829.9 850.2 874.4 926.4 935.5 948.0

204, 79 3.5 0.997218 804.2 805.4 817.1 833.5 853.7 877.7 930.2 939.2 951.6
198, 81 4.9 0.992551 817.6 815.6 830.0 845.8 865.4 888.7 943.4 952.0 963.3
199, 81 8.3 0.991825 819.7 817.2 832.0 847.8 867.2 890.4 945.5 954.0 965.8
200,81 11.4 0.991108 821.7 818.7 834.0 849.7 869.0 892.1 947.5 955.9 967.6
201,81 6.5 0.990396 823.8 820.3 835.9 851.5 870.8 393.8 949.5 957.8 969.5
202, 81 14.7 0.989692 825.8 821.8 837.9 853.4 872.6 895.5 951.5 959.8 971.4
204,81 3.4 0.988301 829.8 824.9 841.7 857.1 876.1 898.8 955.5 963.6 975.0

'Measurements from Rd. 16.
'lncludes all bands having v' < 6 which are prominent in our m2 Hg "Br spectrum.

erentially near any specific band heads. Rather it is likely 3K. Wieland, Z. Elektrochem. 64,761 (1960).4E. J. Schimitschek (private communication).
that lasing is occurring on a nearly continuous overlap of EjJ.Schiitche Pyat c utin ).

1J. Tellinghuisen, Chem. Phys. Lett. 49,485 (1977).
rotational lines in the many overlapped v'-v' bands of the 12 'M. R. McKeever, A. Sur, A. K. Hui, and J. Tellinghuisen, Rev. Sci. In-
isotopomers. ,7 It should be noted that this overlap is so ex- strum. 50, 1136(1979).
tensive that most of the calculated band heads in Table II 'A. Sur, A. K. Hui, and J. Tellinthuisen, J. MoL Spectroec. 74,465 (1979).

cannot possibly be discerned in the spectrum of "natural" A. Sur and J. Tellinghuisen, J. Mol. Spectrosc. 88, 323 (1981).
ornopossbld thotu te anai oa 'B. E. Wilcomb and R. B. Bernstein, J. Mol. Spectroec. 62, 442(1976.

HgBr and can only be accounted for though the analysis of a 'ON. -H. Cheung and T. A. Cool, J. Quant. Spectrosc. Radiat. Trander 21,
single-isotopic species. 397 (1979)..

We thank Erhard Schimitschek for arousing our inter- 11J Teli~nhuisen, J. Mol. Spectrosc. 44,194 (1972).
12J. 0. Ashmore and J. Tellinghuisen (unpublished).

est in this project, and Frank Hanson for communicating to ,3J. H. Parks, Appl. Phys. Lett. 31, 297 (1977).

us the laser wavelengths of Table II. This work was support- 14L J. Schimitschek. J. E. Celto, and J. A. Trias, Appl. Phys. Lett 31, 0

ed by the Office of Naval Research. (1977).
1SE J. Schimitachek and J. E. Celto, Opt LA. 2,64(1978)
16F. Hanson. T. Say, and E. J. Schimitachek (unpublisbed).

"At 400 K the moat populous rotational levels in the N state have J'-S.
TheR andP lines in thisJ' region are the stronest individual lines in a

'K. Wieland, Helv. Phys. Acta 2,46 (1929). given bid. The rotational constants in Table I predict thes line to lie
2K. Wieland, Heir. Phys. Acts 14,420 (1941). about 30 cm ' to the red of the band head.

* No App. Phys. Lett 40(10), 1S May 1962



Appendix 2 (Submitted to Applied Physics Letters)

The B-+X transitions in HgC1 and HgI

by

Joel Tellinghulsen, Patricia C. Tellinghuisen, Sue A. Davies

Patrick Berwanger, and K. S. Viswnathan

Department of Chemistry

Vanderbilt University

Nashville, Tennessee 37235

Abstract

The B-iX spectra of HgCl and HgI are studied at high resolution for the

single isotopic species, 200Hg35Cl, 200Hg1271, and 200Hg1 29I. For HgI the

analysis indicates that the v" numbering should be decreased by one unit from

the previous assignment. For both molecules the analyses deviate progressively

from the previous assignments at high v'', extrapolatirn to lower estimates of

the ground state dissociation energies. Franck-Condon calculations yield AR

(= R '-R e') - 0.60 A for HgC1 and 0.49 X for HgI. The strongest laser featurese e

previously reported for HgC1 occur near the heads of the overlapped 0-22, 1-23,

2-24, and 3-25 bands. The HgI laser operates in the region of the 0-14, 0-15,

1-15, 1-16, 2-17, and 2-18 bands.



10

v 0
a Ida a a a-

a i., 0i 4

a * A "a -p a

8 aU
io- ,..a a a 4-*,.U . i* .0

8., o 00 IN - a * .4* aS. a

0 -0 u a. a 1, ..

v .0 am W D 0

S" a 4 " , . -

... .* o a. a
.a. - aa4 a aa,'c 4 4* . 4 l, 4*~ I

-D .6 w u o<a ,, E ,, -, 1 *.-

I+ .., + ,, ..

P, - ,. . w

a. 8- - 4* a o

a e00

4. .. " u

.0~~' Z* 94 a a .9* *

A U* g~ * V5 a a U . 1 6 a a

a ' ! + d= o a a ~

a~~~~~ a a e ~ ' a a

. ;4*a.-4.a . so4* v*g * 0 a a a a 4

- . a.a a a .
., U -. aUi • a o. a .4 ,,. ,- ,,. "

0 -a= .0 , a o -. a .0 a 4

0. U 0. . ..0
. o . . : i o. '3 . a a_ I m ea ,.

ft 11 , a - a

., ., 0 a,, - a .. . . . =

-. ---+4

"0 a a a4* 4

-* a a m . ! a . . , 'a+ .-. a ..-

"a
aa . a .0 a

* a aS 4* 0 U 0
• ,,,4 i0 4

" . w a * 0 a "c' "." 4
0+ + - ' ' ' ' : ~ ' ' a - - -a

4* A a 4*4*4 1 • a1 .is g a



411

W a 0 1 4 4~4
0 40 w1 ' 4C C -~ 4 , A 4

U. I - 4 0 1 I 4144ad
- 4 . 4 41 44 4 . a .. -0

-~~~~~~ 0 v 4 ,0 , ,4 1 4
0 wo o C . 4 3 . 3 * .

o 41 0 A .44 - - 41 1 - . U 0 414UN
*~~~~~ ~~~~~ 04 -0 3 * U 4 ,4 C C 4 0 4 4 4 4

a 4. v .In - 3~ , a 41 1 0 I 0 4, 0 ~ CIs

4, NO -o AI a c
v1 4 r1 X1 A .4 0 - - 0 A 4

4141u1u

a 40 v, m1 c ,

4c a: o .641 . e. 1

41, 4, 4134

04,44~ * w.6!.~-

X1 41 .A A ' 0 4 , 4 41 4 3 0 ,

41I A 4 4
41l l -I ~ x~ t i lls* * 1

4, a - * 1 0 44 4 41 In 4 4, U 41 a 4 - 4 Aa
o u - 4 0 N - a u a ~ 0 . 4 , 4 , a ~ 0 4

'U. ~ ~ c 416 I , 4 4 4
41~~~I a0~ 4 1 444

As 4, so
04, 4141 4.l. 0

4 1
I In 4KIMa

* * 41 4, 41 0 4 4 0 4, 4, 4 4 4 N A .as ~
O ~ ~ ~ J 43 4 4 .4 4 4 4 04 I 0 4 1 4 , 0 4 0 4 1 3 4

4, .4 w41 4 "4.4 - 1 40 A. 0SOIn a 0I 4 a a 41 40 4 ~ . 0 4 4 04 C C 0 1
4, 41 0o 0As4 , 4 1 4, C 4 1 4 1 1 4 , 4

414, ~ 1 4, 0 4, 0 1 0 a 1 1 A 41 4

o "0 0us, 1 41A
41 4 41 I a & 41 0 4, 0 4, a 4

40 a S.4 1 .. 4 , 4 , , U 4 0 4 1 0 4



12

A 0~ i* a -.
* 0 -,- -4 - .

@4 6*
- g

4-4'A 4 i~ V
-. 0 444 0

-4 . ~ I
. a .. a

~ .~ ~.1 i ii:* 
-4.. ~ a. @4

* .4 - .. -. u - * g

A 444 'A 6 -~a. 'A 1.4 - U S @4 'A 9- 2: U a. -
.~ . -, ~

- @4 - 4.4 4- , * a' . 0 'A o - * ~-...-. a
0. - U ~ 00'-U~~ti : ~-- *'A~ .1 aa *-, a a 'A 0 4 .... 'A - ..-. .~ U'A.U - C SC)

- a a.~
-4..

* 4
a - -4

4-. -4
4.4 94 0~ ~
* * 0 * * S -

* 0 0 4 * 1.. * 441 -4 S 1.. -4 * I'64-4 4 464 1 a. a a.- a4.1 a a ~ . A 4 4a. M* . . S I- ~ ~' *' *.M - . 5hi. * 0..
4.4 0 I.a - - a a a ~ a 4

S I I A S U fi 0.
a *

I? . . a
~ '~ I! !~ ~ ~- .4 U 4,. SC.4ANWSSUCS

ZU @44..4~U @4~4'A
-. - - 4 ., -4 .~ S*aS ~ . * * U* 9.4 14 - -4 444 ~ ~ 64 'A 0 0 U * 'A 0 64 hi I~

S 4 2 K 4-4 4 4 64 64 'A 3 44 942 3 4~ hi 6. in 0 .~ 64 0 6.

a - 444 94~ 4 'A 'A 9- 'A 0. 0 - 9.4 4~ 4 'A .0 9-
64 - - - - -4 -

.0 5 0
a 1 A a .~ 2.* 0 5. 44 4.4

* ~ . z ~* 44 .4 U -~ a
.~ 6 4 0 54 - 0 A 4 - .4a .. 0 I. .. 0 5. -4 * -a usA - - A * 64 34 a a * 5.. I3 0

* SsA~
0 A 03 ~ J~ ... 46K A -

~A 0 4.4 0 as .a .. 2... a
A * 6 -4-4 * aJ~. ~. *A 3 3J

~ ~ a. a
H S~~o2 a.

.U I.USA 0 U C '4 6 .4 0 4 0- a ~ 18 ~ ~ U .si.u.~~uIa - a a - .. a..M 4.4 A - 3 3 - aI. ~ 5 -4 -4 A S - a .. 5. El a

a U a. a - a a U ~a*e
jaa@a-4o.a U. ~ ~
A S - - 4.4 3

~1
-. 5 6 A A 5 ~ we ~ 0

SNsA'~8A.4-4 61
'1. 4~ a *o...u~a A'* * S - a. - ~*5- A '-4* - 6 U *agU94 94 'A 0 C ,~ .6 .4 0 a.a *aauaaaUo S U 'A S U '9 a. U 0* 5. A 5 -9 0 5 44 0 - 5. - .. 4U SSS'ASSSM.4 44 a.~S - 44 S

- .4 S*S.....UOUW 4a. *.a a. : ~ A- 5 - a a 4 a - ~ S-. a u a I 4~1S~~g U - 5 - a.a. .aaat **U a. 44 ~gaa ~u Aa - Wa-4-4-.'A~.U U-4Uu-** **a 50.4 - -
* * - ~ 0 4. ~ -. a - a

t
a.u~ *446 -40. 1.o a S 'A a.

U A U44~~44~I@ 10.4 -4 a aUI~ I. *U 0
- -4 .4* 4 'A AlA S hi S a

S
a... 0 94 2

0014116 Z
so:! ~ - U '.44.4 A-4 5

LA r ~ ~ at A!44 a. -. .4 a A w a *~



13

0 0 0 0 0 Q

- - 2 07 0 0

00

4%~0 ON ONN N % .

0. - 0% - N -

01

404

0 ~~ 6 480
4% ~ ~ W 0% 0 0 0 0

Im0
cc N . % N C 0 N - 6

1 ~ ~ ~ ~ ~ C C! 0 N i

* I N 0 C N ) L) - N 0 N

In I"0 0 ~ 0 % 4 N N C C U i

0~~c 01 0l 0 % 0 0 " N N N



14

Apendix 3a: Preliminary FCFs for 2 0 0 Hg3 5 Cl, v' 0-5, v" =9-32.

FRANCK-CoOON rhC~nwI. A.CCONt~OS. AND 0402oC3WVRO?08

INTEGRA& TAKEN OVER. 221 POINTS. SUTING 4t 1 1 FORn STATE I AND 1 141 FflR STATE 2

FNAOCKSC8ONDW FACTORS

79 .vj~1 - e --- Vtu 10 - 0~ 11 -~ 4~. 12...

11.42439-04 6.43099.04 2,41343.03 7.70102.03
*2 7"290919004 2;923$9009 OP99639603 2.10473.02

4 *,5764303 1,64t3.02 1,604C.02 SI01963
*11:3770E002 3,1644t.01 1:3079C.02 1,9:4963.02

ROC317MO10 VALUES tANGSTRONS)

v! - V----____ __0_______It. woo.a 12

........... * 0 . *

020690 .sso M E00 3.99123000

2.62519.00 2.039t3.00 2pes313.06 2.869300@.
21147900, 2,624190Mi-t 2,84163,00 2.64403#00

3 0463,00 2.6174000 2,33063.020496
4 2.76499.00 2.007490'00 2P62013.00 2.632,C+00

y**.* 9 . gt* 9. 10 Vf. Is1 V*. a 12

0 30453.0 *1274c+00 6P2I3.3.00 8.*3030C004
-- - 17.9032ttoq- -.90.0239+00~- . :,~1440t#00 - .22653.00
2 7.92409.00 7.99610 6,0?77300 I.ts79300
3 7,6723.00 7.94003.f*00 ' 0t443.00 6,060110

4 ,612S30og----------- 1 ---------- 7#9S373.00_ 1.0351C#00

S7.7199300 7.1272C#00 7.961*00 7.06209.00

rMANCK.CONDOW FACTRSP

Ye Vt..t  13o a. 14 V10 is1 V04 a 16

* 4.11309.03 1.13433.02 2;673SE-01 1.94933.02
I2.02943.02 4.3914C.0; 7,4106.02 1.03963.02
24.12215e02 7.4432C.02 1:4299E.02 3.9133.02

3 6.739-02 7,.0614C.02 4,02063.02 381co
4 6:334302 3,4994C.02 M~739ce3..03966

1 3.64113 3.62949.01 9.74617.03 4.12513.02

I.C31?OTOD VALUES IANGSTROMSI

Ye Vag a 13t te 4 V** a IS V44 a is

O 2,9733.00 2.9142C 00 2'9319E$06 2.6103.0
301393.00 2.1993T400 2'.91961.00 2.93240

2 81304C#06 2.6629,00 0.9001c#00 2.9144C#00
3 2:09799400 2.67113.C00 2,6642r.00 2,869 00
4 2,14590300 2.99713.00 2;:617a03.00coo
1 3,0333C.080 2.63729.00 2,670vt.00 2,67899.00

00*2wCENSOMO

Ye ye. a is30 P. 14 Too 8 IS Too a is

00,3964300 6.49433.00 6,91763.00 6.70713.00
1,36260 6:1to $t1*9923.00

3 8 ,43.000 :,s090300 6:3123.0 6,49213.00
2 6,24033.0 6,2473.000 61029.008.1090

4 6,09 3.00649#60 61121t.06 640109#00
9 644006 .4223.00 6,24933.00 6.29673.00
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PmAmcK.covacyk rAcroits

VO y#.o 17 a.. 16 Vft W 19 V00 a 20
**............. . w

0 10330 .36.11;631E-01 11238
I 99345to02 9.4032E.02 6 ,99973.03 1.319S9662

*2 1.35173602 3*.44049.03 4,9227.02 8.0339o@3
3 1.1733C.03 5.29559-03 4?9436col 60;9oo
4 4 7S70E.02 3.4613C602 6,62C.04 2.94?13.02
5 3.04Seco02 2.0361t*04 2.$ 021.02 3.94171.02

MoCCUrwIo VALUES (AvGONOMI)
Ye yO* m 17 V04 a to V04 a Is Ye. a 20

t2:94943*00 2.9413T.00 2,F96473.00 3.04311.0
2 2.93390 - - 2698036,09 2097199#66 2,99313,00
3 2.93033.00 2,939100 2,91111.00 2.941311.00
4 2.90703.00 2.9177300 89614" 2.9&443.00
s 2,18693.0 2674,0 2.92999.00 2,93761.000

Ye veem 17 ye.. a s to !a 19 V00 a 20

0 6.42413.00 I.OS62CO00 9,0811C4.00 9.24123.00
I1 G.49f41.4q0, P?77309 - - ---- 77839+09_ 9.34923*00
2 I.1423.600 6,99333.00 6.67339.00 6.91601*00
3 9.99159.00 0 .44019.00 6,70969#00 0632411.0
4 *4SI31.0Q0 6,9109cf00 60632t.00 9,79179#00
1634401.00-- 7.66373.00 6.16413.0:0 0,62906.06

IPPApeCI.CoODON 34CTOR8

VO V*. 21 V*a22 V00 a 23 V00 a 24

0 1'.41639-01 6,23441.02 3,39493.03 6,36061.0
q .t1413.02 1699.01 1.72331.01 1.00268&01

2 3.4939.02 1.209.03 :;3389C-02 1.92049.01
3 2.211 3 7.27493.02 2917SC*92 1.26631.02

9 .09249.02 4.6006.03 29421coot 4.30169.02
5 1.47119c3 2.97001.02 3.95011.02 3.43321.04

*.CEN?3030 VALUES I3MG&YNONS)$* ye* 8e 3i 2144. 22 - Wee a 23 VOe a 24

0 3.06869000 3~1i30 2,14421.00 3.20331.00ooo
1 3 01313.0 3.0716.00 3,uli.OOG 2.15321.00
2 - 300241.00 1 0,202141.00 30971006 3.12261.000
3 3.01093.00 Sp01779*00 :001361.00o 3.141.00
4 2.973.00 2.9141C.00 1,0112C400 3.02101.00
9 2.0441.00 2.91641*0 2.9901.00 3,21141.00

1*02ocI"NOIDI

V. ye.. 21O o.e 22 V40ev 23 Tooea 24

0 94151100 9*42211.00 210 1.02219.016
9.32 491.0q_ :,17,01t00 9.7610 929919#00

2 .00 0 1.2910 9,90.:97043*00
3 9.07091.00 MUM40.0 9,07141.00 1400311.01
4 6.40661.00 :,P7919000o St9eg1r#0 9113S79.00
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PAUK-CONDON r&CTnRl

V. yvoa 25t ae 26 V"e 2 7 Veo a 26
.......... * ..... *.......*. *S........*S C O**f**@l

0 9.1107c.04 3.7310t-06 1,50369-09 2.10971064
t 3.0770C-02 3.30301-031 3,0492o106 1.230g.04
I 1.69531.01 6,35049-0 2 6pO6901~03 2.2019084

3 j!490C.01 2.21121.01 p 79611-02 6.6479c.03
4 j~S70E-03 t'0619t.01 2,55451.01 i.2543toot

5 5.34211.02 I.557tc.02 7.1869002 2062661.01

ma.coffoOto VALUCS CANG8?ROM81

v. voe.. 25 V... a26 V... a 27 Voo a 26

* 03.31541.00 - 4,417S1400 - ,792t,00 3.41661*00
1 3 ,3.2149t.00 3051006 2.52609.01 3.t6061.00
2 . .135c.00 - 3,2379ttOQ0 3369t,00 2.6733+00
3 3.14039.00 3.17601.00 3,24301*00 3646179.00
4 2.70061.00 V~16l21.0 3p19101.00 232601.00

53.037@E+00 2.95)51.0S 3.21161.00 30939#00O

ye ve..a 25 V...a 26 ye..a 27 V...a 26

0 1.09641.01 C.90466.01 9,423.00 I.1982c.01
I .1:03201.#01...... .l1611QL . .6,7697c~09 9.94401908
2 10007go0l 1.0413c1.01 1 1440to0t 6'61391.00

3 9.66731.*00 1.0086101 1,05121.01 1.19139*01
4 7 ?04961.00 t00461401.......,161401 1.06361.01
s 9.26.0"67461.00 1.3306601 I.0341t.01

FRANCK.ColDnm PTACTOPfl

Vo ye*.w 29 4. 30 V.. a 31 Vo. a 32
........................ *we .......

0 1.10751.07 9*76631.06 1.@1651.oo 3.0434t.09

1 5.92661.06 4,00591.06 2,99191.07 2,96C.01
2 4 69551.04 3.67769.07 2,64661cOS 6.00911.06
3 1.64991-03 1.01231.03 40984390@5 7.11279.05
4 4.0212t.03 ,20571.03 1:t41C03 9,36009.04

9 1.371391. 1.49369.04 143 C.02 2.04721.04

A3.CRtMOT VALUtS (ANGSTROM~S)

ye ye a 29 yof a 30 Too a 31 V*e 32 .

0 2.7992C#00 1-.36741.00 
2
,P4

1
719+86 3.93941.000

1 3.64931,00 3,51.0 1,69361.00 3.11441.00
2 - .21479#00 0,33751*00 1:20121060 4.11561.01
3 2,91741.00 3.31911.00 2.6991.00 3.34651.00
4 36306.00 3.119.00 3?4593co00 3406431.00

3.26251.00 5.74610 3.19621.00 4161o

....... 2.... y.. 3 V.. 3

0 7,6104c.o6 t.12451.0I 7' 441.08 1.21279#61
I 13f76.@L. . 9.2@1@ . l3319r+01 9.4201900

2 1,04271.01 ols3551ol ,01t951.l s7670471.00
3 6.76051.00 l,973190@1 o"99199#06 l.tt441.01
4 1::097to01 ..14109000 - 19179C#01 9.3610

S 1711.0 2.671011.2910lI63910
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Appendix 3b: Preliminary FCFs for ZOO Hg 7 9 Br, v1 = 0-5, v't = 12-31.

rpANcR-cnq~nw racPfNso R-CENTROIflS. A~n 0402CrUTDO1flS

tNWCALS TAKEN OVFR 241 PflTWYI. STARTING AT I a Po &73 ?r i Apo t a 141 rfl3 STATE 2

MN~Cu.CO~bna PACTOMA

V V.. 12 V4 a is y.m a 1 V00S IS
......................... Q.w.... ........ ....

0 2 1.0795E.04 IS923r.04 1;O49sSP03 9.2809FO03
1 1.AO21FOOS S '4907t.03 I,545ro02 9;6:94C 02

*2 A602999-03 1.74?VE.02 3.SISSFOO2 AGo1102
1.64131C.02 616)7E.02 A1929Fro2 7.3919C.02

4 3.0447cw'i S447sr.02 :06241P.02 4.6291C.02
s 4.6227E.01 6.06,23E-02 4.6624F.62 I.t432E*02

V. V.0. 12 V*. P. 13 V"e 9 .14 V** a Is
.......... *W.t............ ....... 0....

o 3.0941r+06 3,O4GI%.A" I 06@11F#6O sooo9ge.AO6
I 3.0429r*oo 30*6F.0 3:66137#60 3.01111*flO

2 0320r.Ofl ,43ro 3 4%EOSA.""0er#66 6904F#66
33,01C.f 3,30Fl P I0443r*o0030SEO

4 3.OI17c+OO 1,0224trf'o 3,0331F#o 3.0432F400
s 3.0022t.OO 3.0123E.00 3.o220E*60 3.0209C~OO

p**2.CNTpflIo

ye yeO.. 12 V90 13 V09 a t4 VOO a 1S
................................. *..***b*. .

;*330s!C0 9 41ISF.O*,9I400 q;q1FO .5SSIC0OS
1 9,2606r+0O0 9,3366r*00 OP41SrsO4f 9.49749.06

29.1944E.00 q,2'121.0fl 9,33997.00 0.61591.00
39,1314FO00 9.19937.O0 0.2S13r.00 931?49*00

4 9,0112CO00 93441.O0 9.195,f 9.2403C.O
s 9.01349400 ::07312400I 9.3110.17151.oo

*V0 a.. 16 Y00.. 17 V0 19t V*eS I t
wee.......................0000;... 0..Se...*a.. Wof....

o .41)402 S o 07roO 9.9093Ff12 1 - 3steel
a 6,9144E.07 10000P.01 1,0S417001 6,50917.03

12 9,9033E.07 O*,S*,71.02 :::0.2 ,141P.
3 ,1762F.02 1,0SMfl IIW0 9 4

9.1092E-03 5,P4037.03 4PIOO2 4.169v.0
2.4GE0 340G-23 .4204C.02 1.11,I1.03

p-CPNY~fl?0 VALIIIA tAMGSUOMS1

V. V00 a 16 V00U t 1 V* Is V60S 19t

4, ~ ~ ~ ~ ee. ...0940 3..2.07.0 3,41.......27

I 3.09S47.00 ,1097P.0o 3,24"F~ofl3.3470

4 .~ogo 3.0180470I 3.00607OOM 1.027.0

...... ft ........ g s ..

o 9.6199r,00 9.774"0"~I 962h.A l."Oft21.0
I 90SO241.00 OF4'ogc#0o 9,1sq41.o 9*S41*t*00
2 9.4420C4660 9 144g.o Ors19o91.na 1.014@'OI
I 94632f#60 9,431vr*O 9,0699poo 9.69447.00
* 9.22961.0 OP90297e00 9;5111T.00 9.14967.00

S 9.3706t#06 9. 26417.#00 9.41I3.0 933270
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wye.20 V*# a. 21 VOeS 22 Yoe a 13

0 t'.93109-01 I9346R.01 149931.01 63310
1 l.O7619fO2 op591.2 ,429f.02 *5643C.61
2 4,2214F.02 6,3710 364P.02 1,69979E.03

3 94,311.02 601619F.03 ,1suo 7,1710
42,6599F.03 2,29301r.02 9,1710 43049.03

s 1.9011.02 4.2133E.02 3.4169r.03 2.0110C.02

PmCEgwNrnM VALIIFA (ANGSTROW5

,1v* wae 20 V* .. Yee..7 2 21
..... ........... ....... ..............

0 3.1927E+06 .0510 3;2312106824.0
1 ,179E*00 3,2t3dr:.0n 3 21110 3,29:000
2 314679,00 1 1996F*00 t,147V*00 3,376.0

3 3,130t1.0 301019t+06 v,71O 1h1771900
4 3.01221.00 .I3411.*00 3,3941r#60,211o

93.1022.0 .Or#003.9:1 3.1409900

V. v...s 20 VO. a 21 V.. a 22 woo a 23

0 1.0130to01 I0l741.fl 1,0440r.01 1.61437.01
1 9.0391r#00 1:03311.011031. ,49.1
2 9.9167toO9 ,9mro0 ,o11o ,1210

39.7S249.00 9I760.0 1003.0 1.0 94E.0
49.4964C000 9.6m2001.00 954mr*OO 9,7S461.00,

9 9.6192E.00 9.llsol.00 9.s7111.00t 9,0148c*00

IrPWC..Cn4DnW rACtoRS

we Ye 24 we. . IS Voem al 26 oo 27
...............................

0 3,0931.02 991102,420 3.14441.as
1 .612.0 ,3470r.:02 214061.02 7,01491.ft4

21.0013E 01 214*41.Of 1,4141.1 ,290.0
3 2.4449.0 2E2702 2 ,9.1 2.2419C.M1

4 .8013F.02 9,9421.02:2 4 740O084 6,1239.61
9 3.91991.02 40131t1.04 4.67031.02f 3 1.91211.03

R.CIWfTOMD VALUES (ANGSTRONC

V. Too.. 24 Vs* a Tooa 26 wooa 27

03.3041t#00 3; 3?fts1e00 3,9794.00 3.01961t0fl
13.26991.o 3 31021#00 3,36071.00 3.416O1#00
23.2993c.00 3,27611.00 j silor#00 3,39271.00
33.1607C.00 3,30711.00t 3 "29231.fto 3,3271.00
43,16631006 3,7101.00 397141.00 3.31411.#00

9 3.1904F.00 3.3046C600 3.17601.00 1,6442t.00

90020C1 9730101

vs V...w 24 v04. 11 Yoe 26 V*..a 27

0 1'.8913F#01 I'3710 1,1*1.0 0,9931.0

4 1.0416to,0ls 0,0631199.0 1,09911.01
99.92311.00 tP809401.o 1.010 7l1401
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PWICW.CONDOtI FACTORS

I )4443to04 1,4691t.04 :,4976t.06 96091.066
12 602441.04 11319E.01 3239E.64 !1,99111.01

62%9$96.02 4,1143t.06 1#4110l.O3 2,3?611.64
34 2701GE02 7,00111.02 2,21111.03s 21,1102.02

s 1.374S1.Ol 2.0317tw01 %*9644tV02 1.1961t.02

RO.CRWt~D VALVIll th"GSMPS)

VoV00 a 23 Yof to 9 0 so 00 a 1

13:114110 3,C410 2,4101. 3.309too.0
2 3.9924E.00 324041.00 ,92t,00 :,12111,00
3 34061c.00 1,19231.01 3,3o121.no 72+06'

43;3119C400 3 4297F#00 3,13.*Oo 1.3637t.00
13.34401.00 3.3122E.0 .61o.1 3.19331.00

V* v...o 2g 0 29 t. 36 V... a 3S
...... ... ...... .......... a .... e.* ..et .0 .~.*. a .... 0 ....... f..**...vo

a 1 126101 2,4Ss:v.*o Fool0.0 2.0919too1
1 9,6966 00 1,196.0 61301.0.441

2 1.4966f.01 1 0410t4.61 I 2326r.01 9 106?t*00
43 :106z,01 6,6142r.01 1,09061.01 104021to01

4 l~I11.0I 17141.01 0,1042r.000 t.1299E06I
1 *193.0 f12421.01 1.2970f.01 I161.0


